The present work examines the supply of heating and electricity to the
Introduction
Recently, there have been increasing concerns regarding the potential consequences of global warming and climate change [1] . Thus, supply chain managers are now in search of some strategies to ensure not only profit maximization but also to reduce GHG emissions [2] . However, energy planning at the village level involves the application of decentralized planning principle [3] . In addition, experimental investigations show that the impact of fuel (ultralow sulfur light fuel) combustion characteristics on NO x and GHG emissions are still a big concern [4] . Thus, there is a renewed interest in the development of sustainable and energy independent communities [5] starting from the level of individual villages that represent the smallest formations of organized energy consumption [3] . Agarwal et al. [6] tackled this problem with a multi-objective optimization model to calculate the best size of grid-independent solar-diesel battery-based hybrid energy system. In other studies, a hybrid biomass/wind/PV is considered [7] as a decentralized energy service for rural areas. Nevertheless, a discussion on a decision support analysis and life cycle thinking approaches are identical [8] .
In this context, concerns about the environmental impacts of combustion processes encouraged studies on biomass fuels in order to reduce harmful emissions to the environment [9] . In addition, income and prices are among the main determinants of household energy --------------* Corresponding author; e-mail: christos.ioakeimidis@umons.ac.be consumption [10] . Damette et al. [11] describe a theoretical framework to investigate households' energy consumption factors and highlight the motivations towards less polluting sources, including their environmental preference. Furthermore, for future electricity systems, the main challenge is to match the available electricity from variable renewable resources [12] . According to Le Truong et al. [13] , the technical progress and changing consumed fuels in the building sector indicate that although energy consumption significantly grows up till 2050 the energy intensity remains at a reasonable level.
Moreover, Blum et al. [8] studied the levelized cost of electricity of solar photovoltaic (PV) and concluded that micro-hydro powered village grids are more competitive than diesel powered solutions. In addition, Huang et al. [14] claim that biomass energy plays an important role for energy conservation and environmental issues, although other aspects related to systems efficiency, secondary pollution, and process economics, are still crucial problems. In general, biogas and PV electricity generation for domestic applications have attracted more users as compared to other options [15] .
Sustainable development and energy independence are two distinct terms that have been used interchangeably. An energy independent community can be achieved with revising the role and potential of rural areas. On the other hand, the economic crises have affected energy and primary commodity prices, which put more pressure on household budgets and often imply significant changes in various aspects of current lifestyle. Thus, the necessity of an integrated approach is evident, at the village level, to assist these small communities to efficiently use the full potential of their economic, social, cultural and environmental resources. In this context, the purpose of this work is to conduct a technical analysis for the supply of heating and electricity to the Spanish village of Uruena using biomass and other local renewable sources towards the development of a sustainable and energy independent small community considering economic issues. This case study examines the total energy consumption of the village in order to determine the capacities of the plants that need to be installed. Specifically, this work presents the design of a district heating system and the evolution of the total thermal load over the period of one year. Additionally, this work considers the use of a hot water tank for thermal energy storage and details the process of its dimensioning for two days of storage. Accordingly, the main contribution of this work is the technoeconomic analysis of a small energy-independent community to cover thermal and electrical demand with locally available renewable resources and energy storage options.
Methods
This work conducts a techno-economic analysis of a small village for an energyindependent community. The study covers the analysis of the components of the district heating system, loads calculation, sizing the systems with the duration curve method for the solar heating collectors, sizing the thermal storage capacity, sizing the electric storage capacity, and electricity production with wind turbines.
Case study
In the context of this work, the small village of Uruena, Valladolid, Spain, serves as a case study towards the development of a small energy-independent community. The village is located in the region of Castile and Leon, in the northern half of the Iberian Peninsula, and according to the latest available studies, there are 224 inhabitants. The landscape characteristics and climatic conditions of the specific region indicate that, apart from biomass, wind and solar energy can also offer a potential technology solution to meet the total household energy needs. The village has a total of 160 houses, namely 96 one-floor and 64 two-floor houses. Ioakimidis et al. [16] consider two types of reference houses (one-floor and two-floor houses) to be used for load calculations, being a reasonable approximation of the structure of the actual houses. The one-floor houses have dimensions of 14 m × 7 m × 2.5 m and they include one 1 m × 2 m door and four 0.5 m × 0.7 m windows. Similarly, all two-floor houses include one door and eight windows. Moreover, it is assumed that the wall and floor thickness for both types of buildings are 0.65 m and 0.22 m, respectively [16] .
Heat load calculations
The degree days are employed as typical indicators of building energy consumption for covering the space heating requirements. The calculation of heat consumption during the whole year is given by:
where GD is the number of degree-days in one year, 
Duration curve approach
In this work, it is assumed that thermal energy loads are covered with a combination of a solar heating system, biomass and oil boilers. The corresponding capacities are determined using the duration curve approach [16] . The duration curve approach, as illustrated in fig. 1 , relates the plant capacities with the operating hours in order to meet the requirements for the different loads during the year, such as summer load, base load and peak load. The determination of the characteristic points of the duration curve is based on the parameters R (space heating) and K (hot water and pipe losses) given in eqs. (3) and (4) . The R [MW] represents the part of the consumption that changes during the year due to the outside ambient temperature (space heating), while K [MW] is the part of the consumption that is assumed to be constant during the year (hot water and pipe losses): 
Solar thermal system
The calculations for the solar collectors are based on the f-chart method, which gives the annual fraction f y [%] and the annual performance of the system Q y [kWh per year]. Initially, a number of factors have to be determined using the eqs. (5)- (10):
where F ' is the collector efficiency factor, U L [W°C −1 m −2 ] -the overall heat loss transfer coefficient, (t m − t a ) = 40 K -the temperature difference, and α 1 and α 2 are algebraic constants from the datasheet:
where (τα) en is the effective transmittance-absorptance product at 90° and n 0 is the efficiency when the temperature difference is 0 and F '' is the flow factor in which n is given by eq. (8):
In eq. (8) ] -the specific heat capacity of the solar liquid:
where F ''' is the heat exchanger efficiency factor and ε is calculated: ] -the overall heat transfer coefficient , A H [m 2 ] -the area of the heating spiral. Next, the factor P that contains the absorbed solar radiation and factor Z of the heat loss of the solar collector are determined using eqs. (11) and (12), respectively:
where the ratio (τα) e /(τα) en for a solar collector with one-layer equals 0.96, H s -the solar radiation on a sloped surface with an inclination angle of 33°, t a [°C] -the monthly mean temperature for ambient air, and Δτ -the number of hours per month. Having determined the parameters Z and P, the monthly fraction f m is calculated: 
Then, the monthly heat performance Q m is obtained from eq. (14) . The annual heat performance Q y is calculated by eq. (15) . The annual fraction f y is determined by eq. (16) The thermal energy requirements for space heating on a monthly, Q h,m , and daily, Q h,d , basis can be calculated using eqs. (17) and (18) accordingly:
number of days per month
Next, the total energy required for n days of thermal storage can be calculated:
Then, the volume of the hot water tank can be determined by solving eq. (19) for the volume V of the tank:
Electric energy storage
The storage options for high energy applications include batteries (e. g. sodiumsulphur, Li-ion, lead-acid), flywheels, pumped hydro and compressed air energy systems. Given that lead-acid batteries are considered as an established mature technology having a lower cost compared to other types of batteries [17] , with the main disadvantages being the short life cycle and low depth of discharge. A rough estimation of the storage capacity needed for the system under study may be obtained from eq. (20): Energy load per day × Number of days for storage Capacity = Voltage × Efficiency (20) Wind turbine
The wind speeds at the surroundings of the village are analyzed using the Weibull distribution, expressed in eq. (21) as a statistic function that describes the probability density of the occurrence of a certain wind speed in the location under study [18] :
where f(u) is the probability density function of the wind speed, u -the wind speed, k -the shape factor, and A -the scale factor of the Weibull distribution. Taking into account the characteristic function, p(u), of a wind turbine describes its output power with respect to wind speed, fig. 2(a) . The mean power, P m , is given in eq. (22). For simplicity reasons, it is assumed that the power curve may be approximated by three linear segments, as shown in fig.  2 
where P max is the rated power,
) or be retrieved from auxiliary tables in [19] . At this point, it is noted that the exponential term in eq. (23) is often ignored because of its very low value. The annual electrical energy production, E ap , can be calculated using E ap = P m · 365 · 24. 
Results
This section presents the results of the techno-economic analysis for the small village under study, covering aspects related to the district heating system, biomass and oil boilers, solar heating system, thermal and electrical storage, and wind turbines.
District heating system
A preliminary technical analysis presents the thermal losses, tab. 1, using a design temperature t d = −4 °C, inside structure temperature t i = 20 °C and ground temperature t ground = 15 °C [16] . The re-insulation of the roof of a house with a layer of 10 cm of rockwool material would allow for savings of 4.7 kW in thermal losses, resulting in total thermal losses for the whole village equal to Φ tot = 1224.2 kW. The results on the losses for each section are crosschecked using with the Logstor calculator [20] , which is a tool that can provide the loss in W/m for a section of pipe by knowing its length and diameter.
The degree days for Uruena are 2142, as shown in tab. 2, while the annual consumption per one-floor house is Q h,y1 = 12540 kWh per year = 45.2 GJ per year and per two-floor house is Q h,y2 = 22160 kWh per year = 79.8 GJ per year. This results in a total annual heat consumption Q h,year = 96Q h,y1 + 64Q h,y2 = 9440.4 GJ per year. Furthermore, the estimated annual hot water consumption of the village is Q w,year = 481.1 GJ, while the design of the pipe network in fig. 3 is proposed for distributing the hot water to the houses [16] . Moreover, the design capacity of the district heating system in order to cover the needs for space heating and hot water, as well as the thermal losses of the pipes, is Φ r,d tot = 1.06 MW. Table 3 shows the annual thermal energy required for space heating, hot water and pipe losses and the pairs of coordinates of the characteristic points for the construction of the duration curve with parameters values R = 0.299 MW and K = 0.0276 MW. The total capacity required to cover the total thermal energy requirements of the village is divided into three parts, as shown in the initial duration curve in fig. 4a , the summer load will be covered with a solar heating system, the base load with a biomass plant while the peak load with an oil boiler [16] . Table 4 presents the resulting capacity and the annual heat supplied from each plant based on the initial duration curve. Given that a capacity of 60-70% of the maximum load is typically chosen for the biomass plant in district heating applications [21] , a biomass plant of 65% of the total capacity is chosen. Table 4 also presents the revised values using the corrected duration curve shown in fig. 4(b) .
Duration curve of annual thermal energy

Biomass and oil boilers
The results in tab. 4 are obtained by considering a biomass boiler based on the combustion of straw with the efficiency of η = 0.85 and net calorific value of H n = 4 kWh/kg. Moreover, it is considered that the biomass plant also serves as a backup option for the solar heating system. Therefore, the capacity of the biomass plant is: 
Solar heating system
The thermal solar system provides the village with hot water supply during off-peak periods over the whole year, having a capacity of 27.6 kW in order to cover a requirement of 242 MWh. Table 5 presents the technical specifications of typical solar collectors, based on which a total of 43 units are required occupying a surface of about 432 m 2 . To determine the inclination angle of the collectors, an analysis of the solar radiation for the specific location of the village is made, tab. 6, based on data retrieved from the PV ge-ographical information system -interactive maps (PVGIS) web service. The results obtained indicate that the optimal inclination angle for the solar collectors is 33°.
The heat transfer capacity rate U H A H = 292 W/K is available from the datasheet of the hot water tank. After the necessary calculations, it follows that q m = 0.0055 kgm The annual fraction f y of the system is approximately 11%, as determined by eq. (17), implying that it is possible to consider a thermal storage option for a short period of time, which is assumed to be equal to two days in this work. The results show that the hot water demand of the village is covered, given that the requirement is 871.11 GJ and the supply 1253.61 GJ.
Thermal energy storage
A combi hot water tank is chosen as a thermal storage option for the district heating system, with sufficient capacity to cover the thermal needs for two days. To determine the capacity of the hot water tank, the annual hot water consumption Q w,year = 481.063 GJ, the pipe losses Q p,year = 390.047 GJ and the space heating requirements Q h,year = 9440.384 GJ, are taken into account. Hence, the average daily thermal energy demand for covering the hot water and pipe losses is Q wp,d = Q wp,year /365 = 871.11/365 = 2.387 GJ.
Next, the total energy required for two days of thermal storage can be calculated: Q a,2d = 2Q a,d = 2(Q wp,d + Q h,d ). Table 8 details the relevant calculations for each month. Then, the volume of the hot water tank can be determined by solving eq. (19) for the volume V of the tank, where ρ = 1005 kg/m 3 is the density of the water, c p = 4.186 kJ/kgK is the specific heat of the water and Δt = 35 °C is the temperature difference. Table 8 reveals that the average thermal energy requirement for two days over the whole year is similar to that of October, thus substituting the value for October as an average reference point in eq. (19) , the volume of the hot water tank is almost V = 420 m 3 . Table 8 . Daily thermal energy needs and requirements for two days of thermal storage 
Electric system
It is estimated that the electricity consumption per year for an average household is approximately 3071 kWh, hence the total annual electricity consumption for 160 houses in Uruena is assumed to be E ac = 3071 × 160 = 491360 kWh = 491.36 MWh. The village is located in a flat area that fosters the use of wind energy for electricity generation purposes. In this context, two alternative system configurations are analyzed, namely a system consisting of three small wind turbines and a system with a single large wind turbine, using the Wind Atlas methodology with detailed wind resource data for Europe [18] .
System configuration with wind turbines
Assuming that the total electricity consumption in the village is divided into three parts and served by an equal number of identical wind turbines placed at different locations, the estimated rated power for each one of them is approximately 100 kW. For the purposes of this work, a wind turbine model with the power curve as in fig. 5(a) is chosen. According to the available technical specifications (Wind Energy Resources), the height of the hub is h = 30 m, fig. 5(b) , the cut-in wind speed u 1 is 3 m/s and the wind speed at rated power u 2 is 12 m/s.
The value of the hub height is needed for evaluating the roughness class: this process consists in drawing a circle with the center at the installation point of the wind turbine and radius equal to 100 times the hub height (in this case 3 km), and then assigning a value of roughness for each one of the 12 sectors. Figure 6(a) shows the relative position of the installation point for the wind turbine 1 and the village of Uruena. The value of the roughness classes typically ranges from 1 to 5. Table 9 shows the values of roughness chosen for each sector and the intermediate steps for calculating the parameters of the Weibull distribution for wind turbine 1, where the scale factor, A, and the shape factor, k, of the Weibull distribution, as well as the wind speed frequency, f, are retrieved from the statistical data available for the region under study [19] . (23) and E ap = P m 365 24 with P max = 100 kW, the mean power output and annual energy production is P m1 = 21.1 kW and E ap1 = 184.85 MWh, respectively. The wind turbine 2 is considered to be installed in the south-west of the village of Uruena, as shown in fig. 6(b) , while the corresponding calculations are the same as in the case of turbine 1. After the required corrections, given that the f values do not sum to 100, the mean power output and annual energy production for this wind turbine are P m2 = 17.9 kW and E ap2 = 156.93 MWh respectively. For wind turbine 3, the installation point chosen is in the west of the village, as indicated in fig. 6(c) . Following the same process, as in the previous cases, the mean power output and annual energy production for this wind turbine are P m3 = 20.1 kW and E ap3 = 175.68 MWh, respectively. Overall, the energy produced on a yearly basis by the three wind turbines is: E ap1 + E ap2 + E ap3 = 517.46 MWh fully covering the total consumption in the village and producing a surplus of 26.1 MWh, given that the total consumption is 491.36 MWh. To supply all the electrical energy needed with one single wind turbine, a model with a nominal power output of at least 300 kW is required. Preliminary calculations with a 300 kW wind turbine showed that the annual electricity production is insufficient to cover the consumption of the village. Therefore, a wind turbine with 400 kW rated power is chosen with the following characteristics (Turbowind Energy: Turbowinds T400-34): h = 28 m, u 1 = 3 m/s and u 2 = 14 m/s. 
Electricity storage and backup generator
Assuming three days of storage, 12 V voltage and an average efficiency of 85%, the estimated required capacity would be Capacity = 395.939 kAh, according to eq. (24). For a typical lead-acid model with 12 V voltage and 210 Ah capacity, the number of the batteries required for the system under study would be n = 395.939/210 ≈ 1886. With the unit price of this battery at 539.99 €, the resulting total cost is 1017900 €. The rated capacity of a backup generator required can be approximated as P generator = Daily consumption/24 hours = 1346.2 kWh/24 hours ≈ 60 kW. As an indicative example, the market price of a generator for this purpose is 11550 €.
Discussion
The operation of the district heating plant is based on a combination of generation technologies, namely solar power, oil and biomass. By definition, solar power is clean and pollution-free, while the combustion of biomass is typically considered to be carbon neutral. Considering that butane bottles are currently used for heating purposes in the houses of the village and combining the fact that the oil boiler of the designed district heating system is only used for the peak load, the proposed system configuration significantly contributes to the mitigation of GHG emissions. Moreover, the district heating plant is coupled with a hot water storage tank that can cover the thermal needs of the village for two average days, reducing thus the need for operating the oil boilers (either peak or back-up). Alternative system configurations based on wind turbines are examined for electricity generation purposes, contributing to additional reductions in CO 2 emissions. From an economic point of view, the cost of a single 400 kW wind turbine is roughly estimated to be 480000 €, considering an average cost per kW of 1200 €. Under this assumption, the system with three 100 kW wind turbines would cost 360000 €, however, in this case, higher installation costs are incurred. Moreover, the installation and operation of large wind turbines are often connected to problems of visual, noise and environmental impact, which have serious implications on their social acceptance. In this context, the selection of a system with only one wind turbine, instead of a system with three identical wind turbines of similar size with the former one, appears to be a more suitable solution that could strike a reasonable balance between the social issues and the potential benefits. According to the techno-economic data presented in the previous section, it becomes obvious that the initial cost investment required for implementation of an energy system with electricity storage capabilities and a backup generator can be prohibitively high. Alternatively, a lower cost solution, yet more energy dependent, would be the implementation of a grid-connected system, where electricity can be bought directly from the grid if and when needed, while the surplus energy can be sold back to the grid.
Conclusion
This paper presented a detailed analysis for covering the thermal and electrical needs of the small Spanish village of Uruena using primarily biomass, as well as wind and solar energy, as a case study towards the development of a sustainable and less energy dependent small community. In technical terms, the systems include both electricity and thermal energy storage because of the intermittent nature of the RES, while special care is taken in order to incorporate backup boilers into the system to ensure the continuous energy supply to the village, even in the cases of system failures or non-favorable climatic conditions for considerable periods of time. For reasons of economy of space, a brief qualitative approach is employed to assess the environmental benefits in terms of CO 2 emissions reduction, while only selected economic data are presented to highlight some important cost factors for the implementation of the electric system with battery storage. These data also point to the fact that the cost of large-scale electricity storage depends on the application and often involves significant capital investments, partially explaining the lack of private sector initiatives in such applications and indicating that strong policy measures and action plans are needed at national and international level in order to revise the role and potential of rural areas.
